Abstract-The UHF passive radio frequency identification technology generally enables an asymmetric interaction between the reader and the tag, the latter only being able to respond to the query of the reader through backscattering modulation. Very recently, some experiments put into evidence the possibility to set up a tag-to-tag communication by using a simple illuminator. The key issues and the physical limitation of such a cross-link are here investigated both theoretically and numerically by fully accounting for the mutual coupling among the tags, their radiation properties and the impedance modulation. The analysis reveals that the cross-link range may be optimized by a proper design of the tags' input impedance and that alignment of a multiplicity of tags could be able to communicate according to a simple routing strategy.
I. INTRODUCTION
R ADIO frequency identification (RFID) is a fast growing technology with countless applications in the control of items, the security assessment, the pervasive monitoring of environmental parameters and the biomedical sensing [1] . Within the current communication modality, tags are interrogated by a standalone reader or by a radio unit embedded into more complex devices such as a smartphone. The tags are usually passive and the communication is only possible between the reader and the tag that replies to the reader itself by means of reflection, on changing its radar cross-section. Tags are therefore not directly aware of the presence of other tags. The inter-tag communication is possible only in case of active devices acting as wireless sensor nodes.
The concept of tag to tag (T2T) communication between passive UHF RFID tags has been introduced very recently in [2] by Nikitin, Rao and Lam. Two tags placed in close proximity may in principle directly communicate even in the absence of an RFID reader. What is required is just an illuminator radiating a continuous wave able to power up the tags. They could hence communicate through backscattering modulation of such a CW carrier. Actually, passive UHF RFID protocols do not support this kind of interaction since the microchips usually G. Marrocco is with Pervasive Electromagnetics, University of Rome, Tor Vergata, 00133 Roma, Italy (e-mail: marrocco@disp.uniroma2.it).
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receive an ASK-modulated signal from the reader while they backscatter according to an FSK modulation. Nevertheless, this envisaged new technology could open new frontiers in distributed processing such as ubiquitous interaction for person to person, person to object and object to object paradigms as well as collaborative pervasive sensing.
A preliminary experimental proof of T2T communication has been given in [3] by means of an emulator of a chip able to receive signaling from a passive tag. The physical potentiality and limitations of T2T communication are however still to be discovered, and versatile modeling tools are required to understand and master the design of interacting-oriented tags. The T2T communication is based on a near-field interaction so that the usual Friis and Radar formulas can not be used to characterize the link, since a key role is played by the mutual coupling. In this view, this contribution presents a theoretical investigation aimed to characterize the inter-tags channel and to derive the performance parameters useful to set up some design guidelines. In particular it is of interest to define the modulation depth and its relationship with the inter-tag distance, geometry, and impedance matching. The modulation depth can be assumed as a merit factor of the T2T channel since it should be high enough (more than 50%) to enable the microchip comparator to discriminate the binary states.
A full understanding of the phenomena is carried out by the help of the mathematical formalism of the RFID Grids recently introduced by the authors in [4] and demonstrated in [5] which is here carried on to a step forward with the aim to account for the modulation-level interactions among the tags. The theoretical results are finally discussed by means of some simulated examples concerning couplets and larger alignments of tags.
II. THE RFID CROSS-LINK
With reference to Fig. 1 , a T2T communication requires at least an external electromagnetic power source, denoted as illuminator, which could be much simpler than an UHF RFID reader since it needs only to include a CW transmitting module. This kind of object has been already considered in bistatic RFID links, as well as in recently proposed link-extender systems [6] . The illuminator is here electromagnetically characterized by its effective length and by the radiated . For the sake of simplicity, just two tags are here visualized, but the proposed formulation may describe any number of elements. It is assumed that the th tag, denoted as talker, is performing backscattering modulation at the considered time-instant, and hence it acts as the transmitter, while the th tag is the listener. It is worth noticing that the receiving tag is collecting power from both the illuminator and the talker tag. So we denote as direct link (or power link) the power exchange from the illuminator to the 0018-926X/$31.00 © 2012 IEEE tag, and with cross-link(or data link) the data exchange between the two tags. The radiating properties of the tags are summarized through the embedded effective lengths and gains and , respectively. The close interaction between tags is such that they have to be regarded as a unique electromagnetic loaded receiver/ scatterer provided with multiple ports. This object can be fully described as a distributed multi-port network, an RFID Grid [4] , characterized by the impedance matrix and by the diagonal impedance matrix of loading RFID microchips, where the superscript indicates the impedance modulation enforced by the microchips.
Denoting with the Grid admittance, and with the vector of open-circuit voltages collected at the tags' port, where
and , the total currents over the microchips of the grid are . The induced current over the th tag is hence given by (3) where indicates the th row of the grid admittance matrix. When the th tag is performing impedance modulation between an OFF and an ON state, the admittance matrix may be decomposed into an unmodulated part , with the diagonal matrix of the input impedances of the microchips in the scavenging mode, and a perturbed part including the specific modulation features (see [4] for all the details) (4) where the modulation-dependent parameter is (5) The current over the receiving nth tag when the th is modulating its impedance may be hence rewritten as linear superposition of two contributes (6) The first addendum (7) is the induced current over the th port due to the direct link (i.e. without modulation), which accounts for the mutual orientation between the tags and the illuminator through the normalized gain vector , while the second contribute (8) accounts for the cross-link, e.g., for the modulated field due to the impedance switch at the th tag (Fig. 2) .
III. MODULATION DEPTH AND POWERS
It is now introduced the modulation depth for the cross link between the th listener tag and the th talker tag which describes the electrical distance between the two ON/OFF states:
The smaller is , the more tricky will be the discrimination of the data-bit for the listener. Assuming modulation data encoded by the tag according to the FM0 or Miller scheme and perfect matched filter demodulation, the minimum and maximum currents ( [7] - [9] ) at the microchip detector are and , respectively and hence from (9): (11) It is worth noticing that the modulation depth is definitely dependent on the tag-to-tag distance through the coupling matrix . This is a different behavior with respect to a standalone tag performing backscattering modulation toward the reader, and it is due to the close interaction between direct-and cross-links.
A. Modulation Efficiency
The average power carried by the modulated backscattered signal, and collected by the receiving chip, right after carrier suppression is:
The quantity is the available power at the th chip in absence of backscattering modulation of the th chip, i.e.
is the power directly scavenged by the th tag only due to the CW wave emitted by the illuminator. It is hence possible to define the modulation efficiency as that portion of the available power at the th listener tag which is associated to data:
B. Case of ASK Modulation
Modulation depth and efficiency depend on the mutual orientation between the tags and the illuminator (described by the operator ) as well as on the specific choice of the modulating impedances , and not least on the inter-port coupling through matrix embedding the tag-to-tag distance and alignment. For the particular case of ASK modulation with conjugate match in one of the two states and total reflection in the other, and , the modulation depth reduces to (14) In general, since if , it follows that the cross-link interaction is not reciprocal ( ), apart for symmetric arrangements of tags, as discussed in the next section. This means that on interchanging the roles of talker and listener, the modulation depth of the transmitted signals through the cross-link may be different.
As demonstrated in [4] , the scavenging properties of a tag subjected to electromagnetic interactions with other tags are represented by the embedded realized gain which is measurable by a conventional RFID reader [5] and plays the same role of the corresponding parameter of isolated tags. Thus, by assuming talker and listener antennas as connected to microchips of a same family, (14) is rewritten in a more comfortable form: (15) The modulation depth is hence dependent on the admittance parameters but also on the ratio between the realized gains of talker and listener toward the position of the illuminator and in principle could be more than the unitary value. A couple of interesting particular cases are described later on in Section IV concerning the analysis of the two-tags interaction.
C. Power Considerations
It is worth analyzing if the listener th tag may have enough power to be activated during the impedance modulation of the th tag, e.g., if the average scavenged power exceeds its sensitivity threshold. By the sake of simplicity, the ASK modulation is again considered for the following discussions. In this case it is easy shown that the powers at the two microchips, (see Appendix) averaged over ON and OFF impedance states (assuming equal probability of occurrence), are: (16) (17) with (18) so that . Both talker ( th) and listener ( th) tags will collect enough power to turn on and keep on performing backscatter modulation provided that the following conditions hold at a same time:
, and , where are the microchips' thresholds, and hence
Under the simplifying, but not limitative hypothesis, of identical tags, symmetrically oriented with respect to the illuminator, e.g.,
, it is possible to verify that the first inequality includes the second one, since is always true. This means, therefore, that the listener tag has always enough scavenged power to be turned on when the talker tag is performing backscattering modulation. The ability to decode the information is however conditioned to the modulation depth as discussed before and further specified for a two-tags case in the next Section.
D. Bit Error Rate
The quality of T2T channel can be characterized by the Bit Error Rate (BER). As in [7] , by assuming that the signal col-lected onto the listener tag is corrupted by AWGN with standard deviation , the at the th listener when receiving from the th talker tag can be expressed in terms of the complementary error function (21) Thus, may be in principle minimized for a high value of induced current from the direct link, e.g., when tags are placed close to the illuminator, but even when the modulation depth
. As it will be discussed in the next Session, the maximization of the modulation depth requires a proper impedance matching strategy accounting for the electromagnetic coupling among tags.
IV. A TWO-TAGS SYSTEM
Equation (14) is of general application and it is able to predict the modulation depth for any kind and number of tags, their mutual orientation and position with respect to the illuminator. For two tags of a same family, the impedance matrix is fixed by the self and mutual impedances and and the grid admittance matrix is hence So, the modulation depth strongly depends not only on the mutual orientations and distance among tags, through the impedance factor , but also on their mutual orientation with respect to the illuminator through gain and polarization mismatch. Two particular alignments are discussed next.
A. Listener Isolated From the Illuminator
If the listener tag (the th one) is in polarization quadrature ( Fig. 3(a) ) with respect to the illuminator, e.g., , such a tag is not directly able to scavenge power from the illuminator but is indirectly sourced by the backscattered field emitted by the close tag. In this condition the modulation depth (24) becomes (25) regardless of the distance among the interacting tags. However, the successful establishment of the link is still conditioned by the amount of power scavenged by the talker.
B. Symmetric Talker-Listener Arrangement
For a symmetric arrangement (Fig. 3(b) ) of the two tags with respect to the illuminator (i.e. and along the direction of the illuminator), the modulation depth accordingly simplifies in the very compact form (26) and the T2T interaction becomes reciprocal.
V. MODULATION DEPTH VS. THE IMPEDANCE MATCHING
The impedance matching between each tag and its microchip significantly affects the modulation depth through the elements of the grid admittance matrix, as formally visible in (14) and (26). Standalone tags are usually designed to achieve conjugate impedance matching to the chip, e.g., , for maximum power scavenging. In [4] it was instead demonstrated that the optimum matching strategy for strongly coupled tags is the Hermite condition , where is now the active impedance of the th tag measured inside the grid when all the tags are performing power scavenging. It will be shown in the following subsections that the two choices of antenna impedance will provide different modulation depths and accordingly different T2T ranges. All the presented analysis are referred to a symmetric alignment of the two tags, as introduced in Section IV-A.
A. Impedance Matching for Standalone Tags
A couplet of half-wavelength dipole-like tags is now considered. The self admittance is approximated by the input impedance of the dipole in standalone condition (no coupling),
. It is hence assumed that the microchip impedance is matched to the antenna standalone impedance, e.g., , and therefore . Within above hypothesis, the modulation depth in (26) reduces to (27) The tags are mutually parallel so that the formulas in [10, p. 417] may be applied to estimate the mutual impedance . By some mathematical manipulations (see Appendix) the modulation depth can be rewritten, for , as follow (28) where is the Exponential function (
and , , . It is possible to see from Fig. 4 that the maximum modulation depth is for infinitely close dipoles, while this value linearly falls down to for . This is the same modulation depth of the backscattered signal radiated in the free space by a standalone tag as described in [8] , [9] .
Above theoretical estimation is corroborated by the experiments in [3] wherein the maximum inter tag distance was found to be around 25 mm, in agreement with what predicted by our simulations, e.g., a modulation depth 50% for inter-tag distance (roughly 30 mm @900 MHz).
B. Hermite Impedance Matching
The maximum power transfer between the RFID grid and each microchip requires [4] the impedance relationship . Since the elements of the impedance matrix depend on the mutual distance among the tags, the above condition must be referred to a reference distance . It is worth recalling the power transfer coefficient for a two-ports symmetric system which, in case of Hermite matching reduces to (30) and may be higher that 1 in case of mutual impedances having negative real part. Under such a condition, the modulation depth becomes: (31) which is hence less than 1 in case of real antennas . Such an expression can be cast in a more general form through a proper normalization of by the impedance of the chip. It is hence introduced the impedance phase angle of the RFID microchip as in [12] , and the normalized self resistance and reactance and . The modulation depth is hence rewritten in a parametric form (32)
The isolines for are ellipses (see Fig. 5 ) whose eccentricity is controlled by the parameter . The values of self impedance such to maximize the modulation depth is therefore required to lay over ellipses of smaller and smaller size as the impedance phase factor increases. Values of with true physical meaning are those for which is reasonably a few times larger than the true microchip's resistance. For large microchips, (see Fig. 5  bottom) , the system becomes very narrow-band and small changes in , especially in the reactance, may produce abrupt degradation of the modulation depth.
For example, assuming a microchip with impedance typical of commercial devices, a feasible goal in the antenna design is to achieve a layout with self impedance ( , , white circle in Fig. 5 ) to which corresponds, after Hermite matching condition, the mutual impedance . The resulting modulation depth and power transfer coefficients will be and , respectively.
VI. NUMERICAL EXAMPLES
Some numerical examples are here reported to better discuss the feasibility of tag-to-tag communication in some remarkable RFID grid layouts. In all the considered cases the systems have been modeled by the Finite-Difference Time-Domain solver which provides, for the specific arrangement, the impedance matrix as well as the open-circuit gains, which are hence used, through (14) , to calculate the modulation depth by post-processing.
A. Two T-Match Tags
Two simple dipole-like tags with T-match layout [14] are first considered (size in Fig. 6 ). The assumed microchip impedance is (that of a commercial NXP chip). In a first example the T-match parameters have been optimized to achieve the usual conjugate matching in standalone configuration, so that . Accordingly, the modulation depth, calculated by application of (26), produces the diagram in Fig. 6 (gray line) , when the inter-antenna distance is increased up to a wavelength. The diagram follows the same profile theoretically found in the previous Section (see Fig. 4) , with a maximum value of , now corresponding to an inter-antenna distance of about . In a second example, the same geometry is next re-designed so that the new T-match transformers are suited to achieve Hermite impedance matching for and to approach . A reasonable solution is found for a T-match form-factor that yields and , implying a power transfer coefficient at 870 MHz and (see again Fig. 6 , continuous line). In this case the modulation depth stays higher than 50% up to inter-tag distance , roughly corresponding to {7 cm, 8 cm} at the US and European RFID frequencies, respectively.
B. A 3 3 Planar Grid
A three by three grid of tags is now considered under normal illumination. The tags are the same T-match dipoles of the pre- vious section with stand-alone impedance matching (Fig. 7) and inter-antenna spacing and . Again, it is assumed that the grid is exposed to the illuminator's field in the broadside direction.
It is of interest to evaluate the feasibility of T2T interactions depending on the position of the talker tag inside the grid. Fig. 8(a) shows the realized gains of the tags in columns 1 and 2 of the grid, while the coupling terms in (15) and the resulting modulation depths are depicted in Fig. 8(b) and (c) respectively, for some couplets of interacting tags. Finally, Fig. 9 shows the modulation depths at
. Parameter " " indicates the loca- tion of the listener tags inside the grid and " " that of the talker. Interactions among tags belonging to different columns are always characterized by a rather low modulation depth in the whole considered band regardless the realized gains, since the electromagnetic coupling among collinear dipoles is less intense than in case of facing dipoles [10] .
For the latter configuration, instead, modulation depths can assume higher values close to, or even bigger than 100%. While modulation indexes close to 100% are desirable to enlarge the distance between the tags, values higher than 100% could potentially lead to over-modulation effects with envelope distortion, invalidating the correct decoding [15] . Fig. 9 shows the modulation depths around the European UHF frequency . As discussed in Section III-B, the modulation depths are not reciprocal: for example while . The T2T communication appears feasible only for contiguous facing tags (values in bold).
C. Circular Grid
A circular alignment of eight T-match tags is finally analyzed (Fig. 10) . The antennas are uniformly angularly spaced by 45 increments and the resulting grid shows a rotational symmetry. According to the study in [4] , the corresponding impedance and admittance matrices are circulant which means that the diagonal elements are all the same and the sum of the elements of each row or column is a constant. Hence, under the usual assumption of broadside and circular-polarized illumination, so that , the following identity holds , for any and therefore the modulation depths are simply (33) where is the self network admittance of the system. For this kind of arrangement the cross-link interactions become reciprocal. Fig. 10(b) shows the values in case the tag is acting as talker. Any other configuration is simply an angular shifted replica of the case. Also in this configuration not all the tags will receive data signals with enough modulation depth ( 50%) to decode the message from the talker, but a multi-hop routing protocol could be implemented to have all the tags interconnected in an indirect way. For instance the connection among tag 1 and tag 5 may be achieved by a first link between tag 1 and tag 2 and hence by a second jump from tag 2 to tag 3, then from tag 3 to 4 and finally from 4 to 5.
VII. DISCUSSIONS AND CONCLUSIONS
The feasibility, potentialities and limitations of passive Tag to Tag communications have been preliminary investigated by theoretical and numerical efforts. The possibility for the listener tag to decode signals coming from the talker is dependent on their mutual coupling as well as on their orientation with respect to the illuminator. Such a property is described by the modulation depth parameter which strongly decays along with the distance among tags due to the interaction between direct-and cross-links. The modulation depth may be improved by a proper choice of the antenna's impedance that directly accounts for the T2T coupling, following the Hermite impedance condition. In this case the modulation depth could be theoretically tuned up to 100% at a specific distance among tags and more in general the T2T range may be accordingly extended. Moreover in this condition also the BER among tags would result improved with respect to the standalone impedance matching. In any case, this kind of link is generally not symmetric, e.g., when the role of the talker and the listener are interchanged, the corresponding modulation depths may be different.
The considered examples of planar alignments demonstrate that the T2T range is mostly limited to the neighboring elements and suffers from the mutual orientation among antennas. The communication range could be in principle extended to the whole grid by a multi-hop cooperative routing strategy. The most critical configurations are the collinear tags ( in the example with 3 3 grid) and the true possibility to establish the link will depend on the minimum modulation depth really required by the RFID chip to decode the information. It is worth noticing that in [13] there is the indication of a custom chip front-end able to respond to as low as 20% modulation index of the incoming signal. Even in this optimistic condition, the communication among collinear dipoles looks however rather challenging and it is therefore better displacing tags so that they are facing, at least partially, as in the case of circular alignment. Looking ahead, the natural generalization of the considered alignments are stochastic coalitions of passive tags, e.g., arrangements with no periodicity or regularity. At this purpose, (15) and (24) are suitable to be included into a statistic simulator to understand the achievable BER of such a complex system. Tag to tag communication is definitely a new attractive, fascinating and completely open paradigm, with the potentiality to stimulate applications in pervasive and amorphous computing, wherein distributed and transparent sensing and computation are leading keywords. Nevertheless, a true implementation of the T2T links requires a change in the microchip hardware and new communication protocols. Some preliminary ideas about the latter issue may be found in [16] while the evolution of the microchip is still fully to be considered.
APPENDIX

A. Details About the Scavenged Powers in (17)
In case of ASK impedance modulation between equi-probable states and , the averaged power collected by any of the talker and the listener is 
B. Modulation Index of a Couple of Parallel Dipoles
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